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Introduction
Direct observations of the Earth's core are made through seismic waves, whose velocities are dependent on the elastic properties of the material present. For the outer-core, the seismic observations are consistent with iron alloyed with light elements, albeit with uncertainty over the exact composition (e.g. Badro et al., 2014) . For the inner core, however, things are far less certain. P-wave velocities and, in particular, S-wave velocities are observed to be much lower (10-30%) than those generally inferred from mineral physics (e.g. Vočadlo, 2007) , and increasingly accu-rate seismic observations have shown the Earth's inner core to be far more complex than had previously been thought (e.g. Tkalčić, 2015) . Current seismological models reveal an inner core that is anisotropic, layered and laterally heterogeneous, but the origins of these characteristics are not yet fully understood (see e.g., Wang et al., 2015) . Interpretation of the increasingly detailed seismic data for the inner core must ultimately depend on accurate knowledge of the elastic properties of the constituent materials, but the exact composition of the inner core remains unknown and so a number of candidates must be considered. It has been supposed for many years that the inner-core density is less than that of pure iron and, therefore, that one or more light alloying elements must be present (Birch, 1952; Alfè et al., 2007; Hirose et al., 2013; Deng et al., 2013) . One of the more likely candidate elements is silicon -geochemical models based on cosmochemical arguments suggest that Earth's core could contain up to 20 wt.% Si (see e.g. Fischer et al., 2012) .
A been studied using laser-heated diamond-anvil cells combined with either in situ high-P /T X-ray diffraction or post analysis of quenched samples. On the basis of quenching experiments, Lin et al. (2003a) concluded that Fe 0.85 Si 0.15 adopts the hexagonalclose-packed (hcp) structure above 36 GPa. In situ studies of alloys containing between 3.4 and 16 wt.% Si, extending to 250 GPa and 4000 K (Asanuma et al., 2008; Kuwayama et al., 2009; Fischer et al., 2012 Fischer et al., , 2013 , have also all indicated that the Fe-Si alloy adopts the hcp structure at high pressure. There is, however, some uncertainty between these different studies as to the maximum solubility of silicon in iron under core conditions and, therefore, as to whether the alloy exists as a single hcp phase or whether it occurs in coexistence with CsCl-structured stoichiometric FeSi. Equation-of-state measurements of Fe-Si alloys have been used to estimate the possible Si content of the core giving values of 3-5 wt.% (Hirao et al., 2004 ), 4-6 wt.% (Asanuma et al., 2011 ; assuming also 4-5 wt.% Ni) and 4-9 wt.% (Fischer et al., 2014) .
The extent to which the melting curve of iron is lowered by the inclusion of Si (or other alloying elements) is crucial to our understanding of core formation as the melting temperature defines the inner core boundary. Recent experimental studies suggest that the effect of Si on the melting temperature at core pressures may be very small, perhaps only of the order of 100 K, and that the percentage of silicon at the eutectic decreases with pressure, from ∼15 wt.% at ambient pressure (Davies et al., 2002) to ∼6 wt.% at 145 GPa (Fischer et al., 2013) .
Given the importance of matching seismic observations, measurements of sound velocities in core-forming phases (Badro et al., 2007) give what is probably the most direct test of candidate materials. Sound velocity-density measurements for hcp-Fe-Si and hcp-Fe-Ni-Si alloys have shown that, for a given density, the presence of Si increases V P (Lin et al., 2003b; Antonangeli et al., 2010; Mao et al., 2012) . Lin et al. (2003b) also found that V S increased with Si content (again at constant density). When considering these results, it should be noted, however, that at constant pressure, rather than at constant density, the situation may be reversed, with both density and sound velocities in the Fe-Si alloy decreasing with increasing Si content. By extrapolation of their measurements (made at pressures up to 68 GPa and 98 GPa respectively) to inner-core pressures, Antonangeli et al. (2010) and Mao et al. (2012) concluded that a match could be obtained to both the wave velocities and densities in the inner core on the basis of an hcp Fe-Ni-Si alloy (Antonangeli et al., 2010) or an hcp Fe-Si alloy (Mao et al., 2012) .
However, although many of the experimental studies on Fe-Si alloys discussed above represent the current state-of-the-art, in some cases reaching extremely high pressures and temperatures, inner-core conditions have yet to be achieved. Whether the results of such experiments can then be safely extrapolated to the inner core is not certain, as it cannot be assumed a priori that the properties of such alloys will not change at higher pressures and temperatures, especially at temperatures very close to melting, which is the temperature regime for the whole of the inner core. In contrast, computer simulations can, in principle, directly access the entire range of P /T space in the core, and so they may, therefore, be the best method currently available to determine the relevant properties of the constituent materials. Previous ab initio computational studies of hcp-Fe-Si alloys as a function of pressure at zero Kelvin have been made by Côté et al. (2008) and by Tsuchiya and Fujibuchi (2009) . In both cases it was found that, although the hcp-structured phase remained the most stable form at inner-core pressures, the addition of silicon to iron stabilised the body-centred-cubic (bcc) structure relative to the hcp structure, leading Côté et al. (2008) to suggest that the bcc phase might become thermally stabilised in the inner core. Tsuchiya and Fujibuchi (2009) also investigated the effect of silicon on the elastic constants, finding that, although it decreased the shear modulus of the hcp phase, cancellation of the changes in density and elastic moduli meant that it did not drastically change the elastic wave velocities from those of iron. Côté et al. (2010) carried out a further ab initio study of Fe-Si alloys, extending it to high temperatures by means of lattice dynamics. They found that for ∼7 wt.% silicon, the combination of temperatures over 4000 K and light element enrichment acted to make the face-centred-cubic (fcc) phase thermodynamically stable at core conditions, while the hcp structure remained the stable phase at lower pressures and temperatures. This led to the suggestion that the inner core might lie in the two-phase region of the Fe-Si phase diagram, with fcc and hcp structures coexisting. However, as the temperatures throughout the inner core are very close to melting, anharmonicity in the atomic vibrations is expected to be large and, therefore, results based on lattice dynamics should probably be treated with some caution.
In recent papers, we have used ab initio molecular dynamics to calculate the effect of temperature on the elastic properties of hcp-Fe at 360 GPa (Martorell et al., 2013a (Martorell et al., , 2015 . We observed that, after a linear decrease in both V P and V S with temperature, a significant pre-melting effect occurred close to melting, reducing the shear modulus and giving, as a result, a much lower V S than would be expected by extrapolation from the linear region at lower temperatures. The reduction in wave velocities was sufficient to match the values obtained by seismology for the Earth's inner core, as given in PREM (Dziewonski and Anderson, 1981) ; however, the densities obtained from the simulations, even at very high temperature (7000 K) were still too high and so the requirement for a light alloying element remains. To determine whether similar premelting effects might also occur in Fe-X alloys as opposed to pure hcp-Fe, in this paper we report, therefore, a study of the density and elastic properties of hcp-Fe-Si alloys at Earth's inner-core conditions using first-principles calculations. We have not included Ni in these simulations as in our previous work we demonstrated that Ni does not significantly affect the density and elastic properties of iron at core temperatures (Martorell et al., 2013b (Martorell et al., , 2015 . Our ab initio molecular dynamics simulations were performed at 360 GPa and temperatures up to melting on hcp-Fe-Si alloys with 3.25 wt.% Si (6.25 atm.%) and 6.70 wt.% Si (12.5 atm.%).
Methods

Electronic structure calculations
The calculations performed in this work are based on density functional theory (DFT) using the Vienna Ab Initio Simulation Package (VASP: Kresse and Hafner, 1993a , 1993b , 1994 . To solve the Kohn-Sham equations, this code makes use of a development of the one-electron wave function in a basis of plane waves. The effect of the core electrons on the valence electrons is described by the projector augmented wave method (PAW: Blöchl, 1994; Kresse and Joubert, 1999) . The generalised gradient approximation (GGA) was used with the functional of Perdew and Wang (1992) . A convergence of the plane-wave expansion was obtained with a cut-off of 400 eV.
We ran finite temperature ab initio molecular dynamics (AIMD). The VASP code uses the Verlet algorithm to integrate the classical Newton's equations of motion. A time step of 1.5 fs was used for the integration. Simulations were performed at constant temperature using an Andersen thermostat, with a restarting value of 150 cycles.
The simulation box for the hcp-Fe 0.9375 Si 0.0625 (3.24 wt.% Si) and hcp-Fe 0.875 Si 0.125 (6.70 wt.% Si) calculations was the same as used previously (Vočadlo et al., 2009; Martorell et al., 2013a Martorell et al., , 2013b to determine the elastic constants of pure hcp-Fe iron. This consisted of a 4 × 2 × 2 supercell of the 4-atom C-centred crystallographic cell of the hcp structure with orthogonal axes. For hcp-Fe 0.9375 Si 0.0625 , four Fe atoms in this structure were systematically substituted by Si atoms, in the most dispersed way possible (the most energetically favourable of ten separate configurations that were tested). For hcp-Fe 0.875 Si 0.125 , eight Fe atoms were, once again, systematically substituted by Si atoms, in the most dispersed way possible. A k-points grid of 4 irreducible k-points was used; the resulting stresses are insensitive to a denser k-point grid.
Simulations were performed at nominal temperatures of 0, 2000, 4000, 5500, 6500, 7000, 7200, 7350, 7500 and 7600 K for hcp-Fe 0.9375 Si 0.0625 and at 0, 5500, and 6500 K for hcp-Fe 0.875 Si 0.125 . Simulations were run for between 10 and 15 ps. The actual temperature of the simulation was determined from an average excluding the first 2 ps of the simulation. Stresses were determined as outlined below. To ensure that we were computing the stresses of solid phases, we retrieved the mean square displacements (MSD) for the last 10 ps of each simulation.
Elastic properties
In order to obtain the elastic properties at 360 GPa we used the same procedure as before (Martorell et al., 2013a (Martorell et al., , 2013b . In summary, we first optimised the unit-cell parameters and densities using VASP-NPT simulations for the isothermal-isobaric ensemble using the barostat implemented in VASP by Hernández (Hernández, 2001 ); we ran this simulation for up to 5 ps. The average lattice parameters from these NPT simulations were then used to create a unit cell to which distortions were applied (see below); the stresses on the simulation box were then obtained from VASP-NVT simulations run over ∼10 ps (for simulations at target temperatures beyond 7000 K, 15 ps were used to ensure convergence).
Once the equilibrium structure of each system was obtained, the elastic constants, c ij , were evaluated by distorting the unit cells according to the two distortion matrices shown below: 
using values of the volumetric thermal expansion coefficient, α = 10 −5 K −1 and the Grüneisen parameter, γ = 1.5 (Vočadlo et al., 2003; Vočadlo, 2007) . The isotropic wave propagation velocities in the material can then be evaluated from the bulk and shear moduli, and the density, ρ, as follows:
The maximum anisotropy ( A) in V P , defined here as the percentage difference in velocities between the fastest and slowest directions in the crystal, has also been evaluated using the Petrophysics software developed by Mainprice (1990) .
Before presenting the results of our simulations, it is necessary to comment on two aspects of our methodology. Firstly, the procedure described above for deriving the elastic moduli assumes that the material has hexagonal symmetry; strictly, this assumption is incorrect as some of the Fe atoms have been replaced by silicon. The magnitude of the effect of the broken symmetry on the resulting elastic moduli can be assessed by examination of the stress matrices for the simulations at zero K. These showed that the deviations from the expected form (e.g. hexagonal symmetry requires σ 5 = σ 6 = 0 for both distortion matrices) were sufficiently small, being <0.01 GPa, that they could be considered insignificant in comparison to the inevitable random fluctuations in the stresses on the simulation box at high temperatures (∼1 GPa) which are inherent in MD simulations run over a time period of only a few picoseconds. Secondly, some consideration must be given to the range of temperature over which the results may be considered fully reliable. For pure iron, the results of Alfè (2009) , obtained from MD simulations in which solid and liquid were seen to coexist, indicate that at 360 GPa melting should occur at ∼6600 K.
Since our simulation methodology is essentially the same as that employed by Alfè (2009) , and given that the introduction of the Si atoms seems to have little effect on the melting point (see below) we can, therefore, consider all of our results up to this temperature to be reliable. However, at higher temperatures it is possible that the results from the simulations represent the properties of a super-heated solid, with melting suppressed by the lack of any free surface at which it can initiate. Nonetheless, although they should be treated with some caution, we believe that the simulations above 6600 K are of value as they enable us to estimate the relative melting temperatures of the Fe-Si alloys with respect to that of Fe and as they enable us to assess whether the elastic properties of the alloys show any increased temperature dependence just prior to melting.
Results
Density of hcp-Fe 0.9375 Si 0.0625 and hcp-Fe 0.875 Si 0.125 at 360 GPa
We have evaluated the densities of hcp-Fe 0.9375 Si 0.0625 at 360 GPa at 0, 2000, 4000, 5500, 6400, 6900, 7200, and 7350 K, and of hcp-Fe 0.875 Si 0.125 at 360 GPa and 0, 5500 and 6500 K. In Fig. 1 and Table 1 we present the evolution of the densities with temperature for the two alloys, together with that for pure hcp-Fe as calculated previously (Martorell et al., 2013a (Martorell et al., , 2015 . For comparison we have also added the PREM value at this pressure (Dziewonski and Anderson, 1981) . We observe that, for hcp-Fe 0.9375 Si 0.0625 , the reduction in density, with respect to that of pure iron, is almost constant over the entire temperature range, being ∼390-460 kg m −3 (∼2.9-3.4%) throughout, and that the density of hcp-Fe 0.9375 Si 0.0625 is in good agreement with PREM for simulation temperatures above ∼6900 K. At zero K, the reduction in density for hcp-Fe 0.875 Si 0.125 with respect to pure iron is almost exactly twice that for hcp-Fe 0.9375 Si 0.0625 , suggesting a linear relationship between density and Si content. However, at 5500 K and 6500 K the density reduction is larger than would be expected from the zero K results on a linear basis, and this non-linearity seems to increase with temperature. Thus, a density match with PREM for this composition would be achieved at a much lower simulation temperature of ∼4000 K. Clearly, depending upon the temperature chosen, the inner-core density can be matched by that of hcp-Fe-Si alloys in the composition range considered here, but the non-linearity of density reduction with Si content makes it more difficult to simply fit the actual core density to the density of the binary hcp-Fe-Si alloy as a function of temperature and Si concentration. Errors are ∼2% in c ij and ∼1% in V P and V S at 0 K, rising to 5% and 3% respectively at the very highest temperatures (Martorell et al., 2013b ).
a Martorell et al. (2013a) . b Dziewonski and Anderson (1981) . Table 1 , together with those calculated previously for pure hcp-Fe (Martorell et al., 2013a (Martorell et al., , 2015 . The elastic constants of the Fe-Si alloy have the same trend with T as pure hcp-Fe, but in general, the addition of Si in hcp-Fe makes the material softer with respect to the pure metal, i.e. c 11 , c 33 , and c 44 decrease and c 12 and c 13 increase with respect to pure hcp-Fe. There is, however, an important difference in that at the last simulation point at 7350 K hcp-Fe 0.9375 Si 0.0625 shows systematically higher elastic constants than pure hcp-Fe; the origin of this effect would appear to be that in hcp-Fe 0.9375 Si 0.0625 there is no indication of the significant reduction of the elastic constants that was found in pure iron, which was attributed to premelting behaviour (Martorell et al., 2013a) . (Martorell et al., 2013a (Martorell et al., , 2015 . The curves shown for the hcp-Fe-Si alloys are merely guides to the eye. The grey band represents the minimum and maximum melting temperatures presented in the paper of Morard et al. (2011;  and the references therein) for hcp-Fe at 360 GPa. Table 1 also shows the calculated adiabatic bulk modulus (K S ) and shear modulus (G). Up to 5500 K, K S is almost unaffected by the addition of Si. At ∼6500 K there is possibly a slight reduction in K S , relative to that of hcp-Fe, by ∼2% and ∼4% for hcp-Fe 0.9375 Si 0.0625 and hcp-Fe 0.875 Si 0.125 respectively. However, at the highest temperatures (>6500 K), K S for hcp-Fe 0.9375 Si 0.0625 is slightly higher than the corresponding value for pure iron (by 2-4%), again possibly due to the absence of any premelting behaviour. The shear modulus, G, however, behaves differently (Fig. 2) . For hcp-Fe two different zones exist in G(T ): i) <7000 K a nearly linear decrease in G as a function of temperature occurs;
ii) >7000 K a strong pre-melting effect is observed, where G drops much more rapidly than in the linear region, just before the melting point. This behaviour was fitted using a Nadal-Le Poac model (Nadal and Le Poac, 2003) , from which we obtained a melting tem- Studies of the behaviour of G as a function of temperature very close to melting are limited in the literature, being constrained to pure elements such as Sn (Nadal et al., 2009) or Mo (Nguyen et al., 2014) . This makes interpretation of the results for multicomponent systems more difficult because we cannot compare our finding of the lack of a pre-melting effect in hcp-Fe 0.9375 Si 0.0625 with the behaviour of other two or three component materials. More studies of G close to the melting point, for both pure, as well as multicomponent systems are required. Our results for hcp-Fe 0.9375 Si 0.0625 clearly show that pre-melting behaviour is not observed, and therefore the reduction in G immediately prior to melting must be even more discontinuous in the alloy. Fig. 3 and Table 1 show V P and V S for pure hcp-Fe and for our two alloys. At zero K, V P for hcp-Fe 0.875 Si 0.125 is about 6% higher than for either hcp-Fe or hcp-Fe 0.9375 Si 0.0625 , but at higher temperatures the effect of Si is reduced to the extent that the values of V P in the temperature range from 5500-7000 K are unaffected by silicon content. For simulation temperatures above 7000 K, due to the absence of any pre-melting effect, hcp-Fe 0.9375 Si 0.0625 has a higher V P than pure hcp-Fe (by ∼4%). The effect of Si on V S is similar to its effect on the shear modulus. At zero K, both alloys show a reduction in V S with respect to that for hcp-Fe, with the reduction being more pronounced for Fe 0.875 Si 0.125 . At 5500 K and 6500 K, however, the values of V S for the two alloys are very similar, indicating that V S cannot be reduced simply by an increase in silicon content. With respect to hcp-Fe, below 7000 K, V S for hcp-Fe 0.9375 Si 0.0625 is ∼0.15-0.3 km s −1 (3-9%) slower, but beyond that temperature, because no pre-melting effect is observed, the values of V S for the alloy become very similar, and possibly slightly higher, than those for pure iron.
When considered together, the results shown in Fig. 1 and Fig. 3 , suggest that it is quite difficult to match exactly the values of density, V P and V S for the centre of the inner core on the basis of an hcp-FeSi alloy. Clearly, for any chosen inner-core temperature, a composition (probably fairly close to Fe 0.9375 Si 0.0625 ) may be found that will produce the required density (Fig. 1) , but Fig. 3 suggests that both V P and V S for such an alloy will only approach the PREM values if very high temperatures (probably above the true thermodynamic melting point) are allowed and that, even then, both velocities may well be higher than those of PREM by ∼3% and ∼5% respectively. Furthermore, Fig. 3 indicates that, in contrast to the resulting changes in density, varying the silicon content in the alloy does not lead to a range of velocities that bracket those from PREM, and so discrepancies in velocity with those from seismology cannot simply be resolved by varying the composition of the alloy.
Melting temperature of hcp-Fe 0.9375 Si 0.0625 relative to that of hcp-Fe
Since we have no free surfaces in the simulation box at which melting can initiate, absolute melting temperatures from our simulations are very likely to be overestimated; however, since the same ensemble of atoms was used in all cases, there is no reason to suppose that a reliable estimate of the relative melting temperatures cannot be obtained in this way. The last point that was simulated for solid Fe 0.9375 Si 0.0625 was at 7350 K, while a simulation at 7600 K completely melted. This limit of solid stability is similar to that found for pure hcp-Fe (Martorell et al., 2013a) , suggesting that there is no significant reduction in melting temperature with Si content, in agreement with the conclusions of Fischer et al. (2013) , based on laser-heated diamond-anvil-cell experiments, that silicon does not strongly depress the melting point of iron. A simulation of Fe 0.9375 Si 0.0625 at 7500 K gave results indicative of either enhanced diffusion of Si atoms or sub-lattice melting. At this temperature, the negative strains (−1 and −2%) led to a solid structure, but the positive ones (1 and 2%) made the system melt. For the non-strained system, the Si atoms were not stable in their initial positions, but exchanged with iron atoms, while the iron atoms themselves did not exchange with each other. The mobility of Si atoms in this simulation provides some evidence for enhanced diffusion, which could lead to chemical re-equilibration of the solid inner core and so have consequences for models of core structure and evolution (e.g. Yunker and Van Orman, 2007) .
P-wave anisotropy
The compressional wave velocities in the inner core are quite strongly anisotropic, with velocities for waves travelling along the polar axis about 3-4% faster than for waves propagating in the equatorial plane (e.g. Souriau, 2007; Hirose et al., 2013) . The origin of this effect is still not properly understood, but the most likely explanation is that it arises from a degree of preferred orientation in the crystals present. There is currently some debate as to whether the P-wave anisotropy in hcp-Fe at inner-core conditions is sufficient large to allow this interpretation. In previous studies of hcp-Fe we have found a maximum anisotropy (for nonperpendicular propagation directions) in the range 6-9% (Vočadlo et al., 2009; Martorell et al., 2013a) , which might just be sufficient if the crystals were quite strongly oriented, but it has also been suggested that the anisotropy in hcp-Fe may be much smaller, <1% (Sha and Cohen, 2010) . The computed anisotropy in V P for our simulations is presented in Table 1 compositions there is possibly a slight increase in anisotropy with temperature, but the effect is not strong. Fig. 4 shows the velocity versus density relationships from our simulations for hcp-Fe 0.9375 Si 0.0625 and hcp-Fe 0.875 Si 0.125 , as well as those from previous simulations on pure hcp-Fe (Martorell et al., 2013a (Martorell et al., , 2015 , and those for the inner core from PREM (Dziewonski and Anderson, 1981) . It can be seen that the three simulated systems, show linear behaviour of the velocities with respect to the density consistent with Birch's Law (only pure iron close to its melting point deviates from this trend). It should be noted, however, that since our simulations are isobaric, the changes in density arise solely from changes in temperature, whereas in the case of the values from PREM the density range arises very predominantly from the change in pressure, which may account for the differences in slope. When considering the agreement with the velocity data for the inner core, it can be seen from Fig. 4 (remembering that the simulations are at all 360 GPa, with the density changes due to temperature) that the values for hcp-Fe 0.9375 Si 0.0625 match those for the highest densities from PREM reasonably well only if simulation temperatures beyond 7000 K (i.e. probably above the thermodynamic melting temperature, as mentioned earlier) are allowed and that, even then, it is still the case that both V P and V S lie a little above the PREM values. Increasing the silicon content in the alloy would allow inner-core densities to be achieved at lower temperatures, but only at the cost of further increasing both V P and V S . It seems, therefore, that our simulations show that innercore densities and velocities cannot be explained by an hcp-Fe-Si alloy.
Discussion
Comparison with PREM
Comparison with previous work
Since our results show that the wave velocities in the inner core are not consistent with the properties of an Fe-Si alloy, it is now worth considering why previous studies have come to the opposite conclusion. In general terms, the results of our simulations are in agreement with the experimental data on sound velocities in hcp-Fe-Si alloys measured at high pressure and room temperature, in that at constant density, both V P and V S increase with silicon content ( Antonangeli et al. (2010) , we find that they are similar to our findings in as much as the addition of about 3.5 wt.% Si to hcp-Fe was found to increase V P by ∼900 m s −1 ; however, although in both simulations and experiments linear relationships are seen relating V P to density (with similar slopes for both the alloy and for hcp-Fe), the slopes of these lines are considerably steeper in our simulations (∼2.2 m 4 s −1 kg −1 ) than was found in the experiments (∼1.1 m 4 s −1 kg −1 ). For higher silicon content, our results for hcp-Fe 0.875 Si 0.125 agree somewhat less well with those of Mao et al. (2012) , as we predict a larger change in V P with respect to hcp-Fe. The slopes of the lines relating V P and density found by Mao et al. (2012) are quite similar to those reported by Antonangeli et al. (2010) , but Mao et al. (2012) also observed some curvature in the relationship for both hcp-Fe and hcp-Fe 0.85 Si 0.15 , which they found was better represented by an empirical power law than by a straight line. The gradient of the V P vs density line from PREM (0.73 m 4 s −1 kg −1 ) is shallower still than that found experimentally by both Antonangeli et al. (2010) and by Mao et al. (2012) for the lower-pressure region of their measurement range. Possible reasons for these differences in slope are that: (i) the effects of pressure and temperature on velocity are different and cannot both simply be subsumed, via the density, into Birch's law; (ii) the values from PREM for the inner core may reflect the suggestion that there is an inhomogeneous distribution of light elements whose concentration might change with depth (Labrosse, 2014) . In either case it would appear that the general method of extrapolation based on Birch's law should be treated with some caution. Experimental measurements of V P at high pressures are still extremely challenging, and so must often be extrapolated over a wide range if they are to be used to determine velocities at inner-core densities. Nonetheless, Fig. 5 shows that there is almost perfect agreement between the value of V P for hcp-Fe 0.9375 Si 0.0625 from our 0 K ab initio simulations (the rightmost point on the figure) and the extrapolated value for hcp-Fe 0.89 Ni 0.04 Si 0.07 from the experimental results of Antonangeli et al. (2010) at 300 K (especially when the difference in composition is taken into account). The different conclusion reached in our present study -that it will be difficult to match exactly the values of density, V P and V S for the centre of the inner core on the basis of an hcp-FeSi alloyfrom that derived on the basis of their experiments by Antonangeli et al. (2010) -that such a match could be obtained with an hcp iron alloy containing 4-5 wt.% Ni + 1-2 wt.% Si -arises, therefore, not because our simulations differ from their experimental results for hcp-Fe-Ni-Si, but instead comes from the fact that the relationship between V P and density that they assumed for pure hcp-Fe (the blue dotted line in Fig. 5 ) is now considered, by Antonangeli and Ohtani (2015) , to be incorrect; very recently, Antonangeli and Ohtani (2015) have reviewed the available measurements for hcpFe and have concluded that (at 300 K) this relationship is best represented by V P = 1.206(11) × 10 −3 ρ − 4.00(11), where V P is in km s −1 and the density, ρ, is in kg m −3 . This is shown in Fig. 5 by the solid yellow line, which once again we find to be in excellent agreement with the value from our 0 K computer simulation of pure hcp-Fe (Martorell et al., 2013a; 2013b ; these simulated values of V P for pure iron -13.18 and 12.92 km s −1 at 360 GPa and 0 and 2000 K respectively -are not only in excellent agreement with the value linearly extrapolated to 360 GPa from Antonangeli and Ohtani (2015) -13.11 km s −1 at 300 K, but also agree extremely well with the very recent experimental work of Sakamaki et al. (2016) -13 .02 and 12.96 km s −1 at 300 and 2000 K respectively). On the basis of the older V P -density relationship for hcp-Fe (which gave velocities lower than those from PREM) and their extrapolated values for hcp-Fe 0.89 Ni 0.04 Si 0.07 (which gave velocities higher than those from PREM), and applying a small temperature correction, Antonangeli et al. (2010) were able to conclude that the PREM values could be matched by an alloy with an intermediate Si content. However, once the corrected relationship between V P and density for hcp-Fe of Antonangeli and Ohtani (2015) is taken into account, it is immediately apparent that such a match can no longer easily be obtained in this way, as the velocities for hcp-Fe and hcp-Fe 0.89 Ni 0.04 Si 0.07 are now both higher than those of PREM. Thus, despite the apparent contradiction in our conclusions, we consider that our results and those of Antonangeli et al. (2010) actually show very good agreement.
On the basis of a similar extrapolation of experimental measurements of sound velocities in hcp-Fe 0.85 Si 0.15 as a function of density, Mao et al. (2012) concluded that a match to the inner core could be obtained on the basis of an hcp iron alloy containing 8 wt.% Si. In this case, however, a power law extrapolation was used, which took the form Fig. 5) ; this required three variable parameters, one of which, λ, was fixed at the value previously determined for hcp-Fe. In their review of the available experimental data for hcp-Fe, Antonangeli and Ohtani (2015) pointed out that the measurements of Mao et al. (2012) for hcp-Fe are the only ones suggesting a sub-linear dependence of V P on density -all other determinations indicate a linear relationship (at 300 K) -and they suggest reasons why this non-linearity might be an artefact of the experimental method used. If a linear relationship between V P and density is used to extrapolate the measurements of Mao et al. (2012) , values of V P that are 0.80-0.95 km s −1 higher than those given by their power law are obtained at inner-core densities. Taking account of the large extrapolation range, the questions raised recently by Antonangeli and Ohtani (2015) as to the experimental methodology, and the applicability of the power law used for the extrapolation, we consider, therefore, that the conclusions of Mao et al. (2012) should probably be treated with some caution.
It would appear, therefore, that the results of our simulations are in excellent agreement with the experimental data of Antonangeli et al. (2010) and are in satisfactory agreement with those of Mao et al. (2012) if a linear extrapolation (as opposed to a power-law extrapolation) is used. As the experimental results place no constraints on our ab initio simulations, which directly access inner-core conditions, we believe, therefore, that there are good grounds for considering these simulations to be the more reliable method for determining the properties of the materials.
Summary and conclusions
We have used ab initio molecular dynamics to compute the densities and elastic properties of hcp-Fe-Si alloys at Earth's inner core conditions. In contrast to our previous simulations of hcpFe, we did not observe any strong reduction in the shear modulus at temperatures just below melting. We have found that these hcp-Fe-Si alloys cover a density range extending above and below that observed in the inner core and that the inner-core density can be matched by an alloy with a composition fairly close to hcp-Fe 0.9375 Si 0.0625 (with the exact composition required -probably a little richer in Si -depending upon the inner-core temperature). At very high simulation temperatures (>7000 K and so probably above the thermodynamic melting point) the density, P-wave and S-wave velocities of hcp-Fe 0.9375 Si 0.0625 approach those observed in the inner core, but since, at constant density, we find that the addition of Si increases both V P and V S , we believe that it will be very difficult to obtain a simultaneous match of the properties of any such hcp-Fe-Si alloy to the observed inner-core density and wave velocities. The addition of Si to hcp-Fe did not significantly change the anisotropy in V P in this system. Our conclusions, therefore, differ from those of Antonangeli et al. (2010) and Mao et al. (2012) who have suggested, on the basis of extrapolations of experimental measurements of sound velocity as a function of density, that inner-core density and P-wave velocity can be matched simultaneously by the properties of a hexagonalclose-packed (hcp) Fe-Si or Fe-Ni-Si alloy. This apparent difference in conclusions has been readily explained by reference to the work of Antonangeli and Ohtani (2015) ; in one case (Antonangeli et al., 2010) an incorrect velocity-density relationship for pure hcp-Fe was assumed, and in the other case (Mao et al., 2012) there are doubts as to the experimental methodology used and large uncertainties inherent in the extrapolation of these experimental results to inner-core conditions.
